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INTRODUCTION

This is the final report for the program, "Emittance of Ablative Mate-
rials," a supplementary test program to Contract NAS 9-4158 for a "Study
to Determine Thermophysical Properties of Ablative Materials." The object
of this test program was to measure the emittance, at a series of tempera-
tures, of five ablative liner materials used in rocket engines.

The emittance is a dimensionless ratio which compares the radiation
from the material under consideration with that from an ideal radiator
(or black body) at the same temperature. Determination of the emittance
of a material as a function of temperature is necessary to the proper def-
inition of its thermophysical properties. The experimental techniques
required for this measurement are reasonably well established for solid
opaque materials. However, ablative materials which are not opaque pre-
sent a difficult problem,and special procedures must be used or evolved.
These difficulties are accentuated by the oxidation and physical changes
of the materials at the higher temperatures required in heat transfer anal-
ysis of such surfaces. The accuracy of the prediction of the energy emit-
ted or absorbed by ablators can be critical to the design of rocket engines
and the structure viewing the ablation surface.

In this program, measurements were performed on laboratory-prepared
test specimens and then on test specimens taken from the fir'ed ablative
liners that were tested under the Phase II effort of this contract. No
differences in the emittances of the virgin nondecomposed ablative
materials obtained from both the laboratory specimens and the engine
specimens, were anticipated. Therefore, emittance measurements were
performed only on the virgin laboratory test specimens at témperatures of
25, 100 and 205°C. The charred laboratory-prepared test specimens were
prepared in the same manner as the charred specimens that were prepared
for the Phase I effort of this contract (16 hours at 800°C), and
emittance measurements were performed at temperatures of 25, 100, 300,
500, 750, 1000 and 1120°C. The charred engine test specimens were
tested at the same temperatures. From a comparison of the two sets of
emittance values, the validity of assuming the emittance values of the
charred laboratory-prepared materials to be the same as the actual

engine ablative liners can be determined.
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EXPERIMENTAYL, SYSTEM

The experimental system used for the determination of directional

emittance at the elevated temperatures of this program consisted of:

1) A blackbody energy source

2) A paraboloid reflectometer

3) A dispersion system (to decompose the radiation into the
desired narrow spectral regions)

4) A radiation detector

5) An electrically heated sample holder

6) A temperature measuring device

7) An enclosure and purge system (for controlling the atmos-

pheric environment)

The basis of this system, the paraboloid reflectometer, was an
instrument developed by TRW Systems (formerly TRW Space Technology
Laboratories) in 1961 to circumvent certain problems (sample emission
error and wavelength restrictions) associated with other spectral
reflectance measuring instruments. A gimilar device was recently
reported by D. K. Edwards of U.C.L.A. (Reference 1). The instrument
utilizes an interrupted blackbody source to irradiate & sample hemi-
spherically via two paraboloid mirrors (see Figure 1). Reflected
energy from the sample is collected at an angle of 9 degrees from the
normal by conventional source optics for a Model 12C Perkin-Elmer
spectrometer.

By chopping the energy before it is incident upon the sample, the

signal detected by the monochromator is altermating. Thus, with the

use of a tuned a.c. amplifying system, only the reflected incident energy
is observed. The emitted energy from the sample is not detected and does
not influence the measurement. The measured reflectances are read
relative to & known reference surface (gold for this program) and are
normalized accordingly.

-2



The reference standard is readily obtained for wavelengths less than
25 microns with the heated cavity and integrating sphere reflectometers
(References 2 and 3, respectively).

An electrically heated high-temperature sample holder was used to heat the

test specimens to the required temperatures. A low voltage high alter-
nating current power supply (menufactured by Gebr. Ruhnstrat Gottingen)
was employed to pass current through a conductive inconel sample enclos-
ure (See Figures 3 and k).

Temperatures were measured by use of Chromel-Alumel thermocouples whose
millivolt output was monitored on a Houston Instrument Company D. C.
Voltmeter (Model HV-160). Since the monochromatic reflectance is not
strongly dependent upon temperature, the temperature measurement could
be performed without extreme accuracy restrictions. This is especially
important in the measurement of non-opaque materials where the emittance
property is volume dependent, not surface dependent. Thus, a
temperature gradient through the sample is of less dimportance than in
other schemes,

Tn order to reduce the atmospheric content of gases which might
chemically react with the ablative char samples at high temperatures,
the paraboloid reflectometer was housed in & near leak-free aluminum
enclosure which included a purging system for maintaining a nearly
pure nitrogen gas atmosphere (see Figure 5).
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Figure 1. Schématic Representation of Paraboloid Reflectometer
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TEST PROCEDURES

The basic test procedures included the following:

A, Preparation of Test Specimens
B. Preparation of Specimen Atmosphere
C. Elevation of Specimen Temperature

D. Measurement of Spectral Reflectance

A, Preparation of Test Specimens

The test specimens were cut from larger sections of laboratory
samples (virgin and charred) and sections of the fired rocket engine
liners in the vicinity of the nozzle convergent section. Table 4
lists those ablative liner materials which were tested, and the loca-
tion from which the engine samples were cut is illustrated in Figure T.
The dimensions of the test specimens were 2 cm in length, 1 em in width,
and 3 cm in thickness, It was found from initial reflectance measure-
ments that the most representative results were obtalned when the spec-
imens were cut with the edges of the fiberquartz planes oriented at
about 450 to the length of the front surface., Also, in order to
accommodate a 26 gauge Chromel-Alumel thermocouple, a small hole was
drilled in the side of each specimen near the bottom. Post-test
examples of test specimens of the five materials tested and the three
states (Virgin, laboratory-charred, and engine liner) are illustrated
in Figure 6. In turn, each specimen was mounted in the inconel enclos-

ure attached to the high-temperature sample holder (see Figure 3).

B, Preparation of Specimen Atmosphere

Three methods of purging the atmosphere, contained within the
aluminum housing of the paraboloid reflectometer, were used
successively. The object was to reduce the content of gases (002,
HsO, 02) which might chemicallg‘reéct with the ablative char at high
temperatures. It was found that above BOOOC, the quality of the
atmosphere (mainly the level of oxygen content) was of major concern.
When the oxygen content was too high, it was observed that excessive
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oxidation occurred on the surface of the specimens at the high
temperstures. As a result, the spectral reflectance generally rose
with time for wavelengths less than 3.0 microns. By developing an
effective purge technique (see Method 3, Table 1), oxidation of the
specimen surface wes minimized, and the stability of the reflectance
data was gresatly increased.

The method of measuring the oxygen content of the atmosphere around
the test specimens involved using a 6Q watt incandescent lamp with the
glass envelope removed. The length of time that the tungsten filament
glowed, with 110 volts applied, indicated the relative level of oxygen
content. From informetion supplied by Vacuum Atmospheres, Inc. of
Canoge. Park, California, a tungsten filament lifetime of 20 minutes
would indicate that the atmosphere had an oxygen content as low as
0.02%.

C. Elevation of Specimen Temperature

When the oxygen content of the atmosphere was judged to be low
enough according to the tungsten filament test, the test specimens
were heated by use of the high-temperature sample holder. Spectral
reflectance data was then taken. The specimen temperatures were
measured continuously during the tests by use of two 26 gauge
Chromel-Alumel thermocouples, one placed in the hole in the specimen and
the other pressed between the front edge of the specimen and the inconel
envelope. The difference between the millivolt readings of the two
thermocouples was not significant.

Specimen temperstures of 25, 100, 300, 500, 750, 1000, and 1120°¢ were
attained for test specimens of both laboratory-charred and fired engine
liner specimens. As the specimens were moved in and out of the
incident beam of energy from the heated cavity energy source, the
actual temperatures of the test specimens were observed to oscillate
about the nominal temperatures. An oscillation of sbout + lSOC was
typical at low temperatures and less at high temperatures (above
SOOOC). Since the spectral reflectance of materials is a slow-
varrying function of temperature, an effect due to this temperature

]2



*peseaJoUT LTpedasu seJtnieredweq

ySTy 4® eduejoeTIed oTdwes jo £9TTTA®IS °€
*e8and eqnutw Q09 03 Q¢ YW seqnuru
T . o *seqnurw 0§ J40J ueSoaqTu PTNOTT Y™ ogoyd
0Z 0% T WOIF 3STL SWUWETLF WISTMML °g -gowq® oyl SurqniTp ATTBNUTIUOO STTUM pesn
*oTqeaInp Lxea (°0D ‘soqnuTW OZ UT SWI} SUO SJINSOTOUS JO SUMTOA °¢
pue ‘yonqeoy ‘sawveg) dumd uorssesdwmo) °T Burqenoeas Jo oTqedeo ‘dumd uorsssadwon
*3ur1Eey JOA0 : _ *T POUISHK
03 enp pepode ULESE Saysmniq JOYON ‘¢ UT S® pesn weqsAs UOTRETNOJTO TBUISGUT *¢
*sequuTW 9 *ogeydsomge qno so107 07 dumd TE3NITIqUEO
03 ¢ WOIF POYSET JUSWETTF weisIunj *Z Sutsn oTTyM uweSouaqTu PINDTT Y™ UOTINTIq *T °2
*ogoud
*T POUleH -sow3®e TBTATUT JO /T 2AOWSI 0F SJNSOTOUS
U JM UBY1 JOMOT Yomml uequod wWILX) *T opTsUuT pesn seMm Jeq opTJIoTy) TLAutalrod °T
*3uTTO0D J0ZJ UY3BQ JSGBM
-90T pue ,Amo sepomwed) 4,009 ©% 04%7 38 Toom
Joddoo peq®ey “Aomm SOAOUBI) 9ASTS JBTNOSTON
Amoo soAOWRI) 94TJIBOSY JO suwmTod JO JuT
*JUTQBOY JOAO 0% -1STSU0D WO 3SAS UOTFBTNOJTO TBUISQULT UBR JO
enp pepoJde SoUSNIq JO040W OTIF0STH °% esn £q peSand Jeyjany egsydsowie peqnlId °C -
TseqnuTW Qf JI0J
.ooomu 1e seTdwes UO UOT3® dumd JeueeTOo umnoeA TBSNITIFUSO B YITM
-pT0 90BJanS £q peouspTad ‘YITY 00% sJansoToue JO qno saeydsowde ayz SUTOJIOT
pautTewea oJoydsowge Jo qu@quUO0 ULSAX) °T aTTyM seF usSoaqTu aJnd Y3TM UOTIATIO *T
S LNHWWODO SHYNTAD0Yd ANV SLNAINOJWOD TOHLHEW #D4Nd
SHSYH HATIOVHY JO0 HUHHJSOWLYV HHL ONIDYNd 40 SACOHIHW HAISSHOONS T HIdVL

-13-



/

oscillation was not observed.

D. Measurement of Spectral Reflectance

The reflectance measurement program is illustrated by the sample
data sheet, Figure 8. As tabuleted in Table 2 and justified by the
facts presented in Table 3, the reflectance measurements were conducted
over the wavelength intervals which include almost all of the black
body radiation for each respective temperature. (Twenty-six microns is '
the long wavelength limit of the potassium bromlide prism used in the
Model 98 Perkin-Elmer monochromator. )

As was mentioned previously in Section B., the spectral reflectance
for wavelengths shorter than 3.0 microns was observed to change (gener-
ally increased) with time for the high temperatures of 750, 1000, and
1120°¢. (Negligible changes were generally measured for longer wave-
lengths.) This change, considered to be largely due to oxidation of
the surfaces of the specimens, was considerably reduced when the purge
method 3 (see Teble 1) was adopted. However, a second limitation to
stable reflectance values at temperatures above 1000°C was recognized.,
Since four of the five materials tested contained a large proportion of
quartz fibers, devitrification of the quartz might be expected to affect
the stabllity of the reflectance readings during the period of an
emittence test. Above lOOOOC, fused quartz devitrifies at an increasing
rate as temperature increases. When the quartz is in contact with other
chemicals, such as phenolic, this rate is increased.

In order to further increase the reproducibility of the short
wavelength reflectance data and to simulate the short duration of
rocket engine firings, spot measurements at 1.0, 1.5, 2.0, 2.5, 3.1,
4,0, and 5.0 microns were taken within the first ten minutes of each
emittance test at 75000 and higher. Then the regular measurement
program (in consecutive or&er) proceeded over all the wavelengths
listed on the sample data sheet, Figure 8. (A typical test took
l% hours to complete.) If the regularly measured deta differed
significantly (+ 0.01) from the initial spot check data, then graphs

1y



TABLE 2: WAVELENGTH SPANS OF REFLECTANCE MEASUREMENTS

SAMPLE TEMPERATURE (°c) WAVELENGTH SPAN (MICRONS)
T < 500 1.0 to 26.0
750 1.0 to 22.0
1000 1.0 to 18.0
1120 0.9 to 15.0

TABLE 3: PER CENT OF TOTAL BLACKBODY RADIATION WHICH EXISTS
OUTSIDE OF THE WAVELENGTH SPAN OF EMITTANCE MEASUREMENTS

BLACKBODY %ENERGY FENERGY
TEMPERATURE (°C) BELOW A BEYOND A
rs M

25 1.0 ©  0.00 26.0 15.2

100 1.0 0.00 26.0 9.2
205 1.0 0.00 26.0 5.0
300 1.0 0.00 26.0 3.2
500 1.0 0.00 26.0 1.4
750 1.0 0.04 22.0 1.0
1000 1.0 0.36 18.0 1.0
1120 .9 0.28 15.0 1.3

=15-



of both sets of data were used to obtain a composite spectral
reflectance curve which represented the sample before oxidation and/or

devitrification. Figure 9 is an example of such a procedure.

In addition to the high temperature spot check measurements, the
spectral reflectance was remeasured at 1.0, 1.5, and 2.0 microns
midway through and at the end of each test for all specimens and
temperatures, in order to ascertain the stability of the data.

16~



EXPERIMENTAL RESULTS

When the assumption of no transmittance (TA) is made, the spectral
reflectance (px) data can be converted to a spectral emittance (f:*,%v )
by subtracting the reflectance from unity:

gy = 1~ Py o for Ty = 0.

Integratlon of the product of spectral emittance and Planck's equation
for the material temperature yields the total normal directional

emitbtance.

The calculated values of total normal emittance are tabulated for each
material in Tables 5 through 8. In addition, graphs of the spectral
reflectance date are shown in Figures 10 to Zh.

No attempt was made to reduce the near normal emittance values to

hemispherical emittance (SH). If hemispherical data is desired, the

conversion can be performed by using Figure 13 - 15 of Reference 6,

~17-



DISCUSSION OF RESULTS

Some general observations can be made about the total emittance values of
these five materials. As shown in Tables 5 to 9, the emittances of the
virgin and laboratory-charred materials remained rather constant over the
temperature range of measurements., The emittances ranged from 0.88 to
0.96 with most values within 0.93 to 0.95.

On the other hand, the emittance values of the four liner materials tended
to decrease with increasing temperature. Also, these values ranged more
widely (0.70 to 0.96) and were generally lower than those of the laboratory-
prepared materials.

When a visual comparison of the surfaces of the laboratory-charred and
engine specimens was made (see Figure 6), it was noticed that the engine
specimens had a lighter shade. Much of the phenolic had been burned

out or eroded away by the hot engine exhaust (170000) leaving a shallow
layer of pure quartz fibers above the charred material, Since clear fused
guartz is known to have a spectral transmittance in excess of 0.8 for the
wavelength span of 0.3 to 3 microns, there was some concern that these
ablative materials might become somewhat transparent, especially at the
higher temperatures. However, no significant differences were observed
when reflectance measurements were made at 1120°C on two test specimens
with and without a platinum reflector behind the specimen. It was thus

concluded that the transmittance for the specimens tested was zero.

The test conditions, under which the emittance values were measured for
the engine liner specimens, differed from that of the rocket engine

environment in two ways:

1. The test specimens were uniformly heated during measurements,
whereas in the engine environment, the liner experienced a severe
thermal gradient from the heat of the exhaust gases.

2 The emittances were measured after the engine firing. These
actual emittances of the liners most likely changed with time
(probably decreased), while exposed to the hot exhaust gases.,

~18-



It is surmised that if the actual engine environment could have been
exactly duplicated, the measured emittance values at each temperature
could be slightly higher.

For the low reflecting materials considered, the paraboloid reflectometer
system may be relied upon to yield accurate total emittance values within
* O.@lS. Reproducibility of the total emittance results is about + 0.0L
as indicated by duplicate tests on the laboratory chars (see samples
L53=-66 and 465-66 of Table 5; also samples 398-66 and 432-66 of Table 6.).

In addition, it should be noted that the emittance values of the fired
engine liners represent only the vicinity of the convergent section of the
nozzles. The scope of this program did not include duplicate measurements
at various positions in the nozzle. Even in the convergent section there
were significant variations in the reflective qualities of the selected
test specimens. The Irish Refrasil test specimens 640-66 and 641-66

(see Table 5) are good examples.

-19-



CONCLUSIONS

From the emittance values listed in the tables, one can conclude that the
emittance of the laboratory-prepared specimens remains rather constant over
the temperature range 25 to 1120°C and generally decreases for the engine
specimehs. In addition, it appears that the comparison between the emit-
tance values for the laboratory-prepared specimens and the engine speci-
mens is only approximate., Apparently, the erosion and devitrification of
the quartz plus the higher rocket exhaust temperatures, as experienced by
the engine liner , can not be very adequately duplicated by laboratory
charred material (800°C for 16 hours), at least as far as the emittance

is concerned.

A third conclusion, taken from the tabulated results and from experience
in the actual reflectance tests, is that less confidence should be placed
on the results at 1000°C and 1120°C as compared to results at the lower
temperatures. Devitrification of the quartz fibers plus surface oxida-
tion with time tended to make for less stable short wavelength reflectance

data than for the lower temperatures.

Although the specimens tested in this program were apparently thick
enough (1/2 cm) to have a zero net transmittance at temperatures below
llZOOC, a non-zero value of transmittance for a shallow layer near the
surface is probable, especially at the higher temperatures. For this
reason, together with the severe temperature gradient caused by the

rocket exhaust on the liner, the net energy emitted by the engine liner is
not correctly specified by the surface temperature and the emittance at

that temperature.
In an accurate radiative transfer analysis in the rocket engine nozzle,

the energy transmitted from below the surface (at temperatures lower than

at the surface) must be taken into account.

20—



RECOMMENDATIONS

In order to increase the confidence in the emittance values measured in
this program, it would be wise to conduct tests on more than one test
specimen, especially at the temperatures above SOOOC. In addition, it
would be desirable to test specimens that are taken from several iocations
in the charred ablative liner to determine whether different emittance
values are obtained from specimens taken from regions of different heating

environments.

Lastly, it would be of advantage to conduct transmission experiments to
determine the extent of transparency at high temperatures. Measurements
could be performed on several thicknesses of the most promising liner
materials at the corresponding temperature measured earlier during the

engine firings,
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TABLE 4: DESCRIPTION OF ABLATIVE LINER MATERTALS

MATERIAL TRW TRW EMITTANCE
MATERIAL LOT NO. PART NO. SAMPLE NO'S.
I. Irish Refrasil
(WBC 2234)
A. Virgin Material 980~1 X110519~3 L,02-66
Ttem 3
B. Laboratory Char 980-1 X¥110519~1 433-66, L53-66,
Ttem 1 L65-66, 657-66
C. Engine Liner E 110502-3 639-66, 64066,
s/N 001 641~66, bL2-66
II. Fiberite MX 2600
A, Virgin Material B-912-2A X110519-3 L0566
Ttem 3
B. Laboratory Char B-912-24 X110519-1 398-66, 432-66,
Ttem 1 L80-66, 481-66,
L8L~66
C. BEngine Liner : E110502-1 505-66, 506-66,
s/ 001 507-66, 658-66
III. Fiberite MX 2646
A. Virgin Material B-921-1A X110519-3 L06-66
Item 3 :
‘B. Laboratory Char B-921-1A X110519-4 L31-66, L52-66,
Item 4 L6666, L76-66
C. Engine Liner E110502-4 b45-66, 6L6-66,
s/N 001 bL7-66, 64,8-66,
. 649~66
Iv. Refrasil Cloth/Phenolic Resin
(U.s. Polymeric XR 2015)
A. Virgin Material G 4180-1 X110519-3 LOL~66
Ttem 3
B. Laboratory Char G 4180-1 X110519-1 435-66, LTL-66,
' Ttem 1 L75-66, L76-66
C. Engine Liner E110502-2 651-66, 65266,
' s/N 001 653-66
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TABLE 4: DESCRIPTION OF ABLATIVE LINER MATERIALS (Cont.)

MATERTAL TRW TRW EMITTANCE
MATERTAL LOT NO. PART NO, SAMPLE NO'S.
Magnesium Hydroxide
(WBC 5217)
A. Virgin Material 8674, X110519-2 1,00-66
B. Laboratory Char 867k X110519 L34-66, L54-66,

L78-66, L79-66

C. Engine Liner - None available., Liner eroded excessively
during engine firing.
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TABLE 5:  EMITTANCE OF IRISH REFRASIL (WBC 2234) ABLATIVE MATERIAL

PHYSICAL TRW TEMPERATURE ~ NORMAL EMITTANCE

STATE SAMPLE NO. (°c) ey (T)

1)  Virgin,
nondecomposed 402~ 66 25 0.95
L02- 66 100 0.95
402~ 66 205 0.95

2)  Charred
(Laboratory) L33-66 25 0.9k
433-66 100 0.94
433-66 - 300 0.9
433-66 500 0.95
L33-66 750 0.93
453-66 1000 0.92
L65-66 1000 0.93
657-66 1120 0.93

3) Charred
(Engine Liner) 639-66 25 0.89
639-66 100 0.89
639-66 300 0.86
639-66 500 0.80
64,0-66 750 0.71
641-66 1000 0.70
64266 1120 0.80
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TABLE 6:  EMITTANCE OF FIBERITE MX 2600 ABLATIVE MATERIAL

PHYSICAL
STATE

1) Virgin
nondecomposed

2)  Charred
(Laboratory)

3) Charred
(Engine Liner)

SAMg%g o, TE%g%?ATURE NCRMAgN%¥§TTANCE
L,05-66 25 0.93
L,05-66 100 0.93
1,05-66 205 0.94
398-66 25 0.95
L32-66 25 0.93
398-66 100 0.95
432-66 100 0.93
432-66 300 0.94
432-66 500 0.95
480-66 750 0.95
L81-66 1000 0.94
L8166 1120 0.94
505-66 25 0.96
505-66 100 0.96
50566 300 0.95
505-66 500 0.94
507-66 750 0.89
658-66 1000 0.89
506~66 1120 0.92

_26_



el

TABLE 7:  EMITTANCE OF FIBERITE MX 2646 ABLATIVE MATERIAL

PHYSICAL
STATE

1) Virgin,
Nondecomposed

2) Charred
(Laboratory)

3) Charred
(Engine Liner)

TRW TEMPERATURE ~ NORMAL EMITTANCE
SAMPLE NO. (°c) ey (T)
LO6~66 25 0.92
L06-66 100 0.92
LO6-66 205 0.93
431-66 25 0.93
431-66 100 0.93
431-66 300 0.94
431-66 500 0.95
L52-66 750 0.95
1,66-66 1000 0.94
L76-66 1120 0.88
64,566 25 0.92
644566 100 0.92
61,566 300 0.91
64,9-66 500 0.90
646-66 750 0.81
64,7766 1000 0.88
648-66 1120 0.87
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TABLE 8:  EMITTANCE OF REFRASIL CLOTH/PHENOLIC RESIN (U. S. POLYMERIC

XR 2015) ABLATIVE MATERIAL

PHYSICAL
STATE

1) Virgin,
nondecomposed

2)  Charred
(Laboratory)

3)  Charred :
(Bngine Liner)

TRW

SAMPLE NO.

LOL~66
LOL-66
LOL~66

435-66
435-66
435-66
435-66
L75-66
L74-66
L76-66

651~66
651~66
651~66
651-66
651-66
652-66
653-66

TEMPERATURE NORMAL EMITTANCE
(°c) ey (T)
25 0.96
100 0.96
205 0.96
25 0,95
100 0.95
300 0.96
500 0.96
750 0.95
1000 0.93
1120 0.93
25 0.89
100 0.89
300 0.88
500 0.84
750 0.80
1000 0.78
1120 0.71
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TABLE 9:  EMITTANCE OF MAGNESIUM HYDROXIDE (WBC 5217) ABLATIVE MATERIAL

PHYSICAL TRW TEMPERATURE NORMAL EMITTANCE

STATE SAMPLE NO. (°c) ey(T)

1)  Virgin,
nondecomposed 1,00-66 25 0.92
L00-66 100 0.93
L00-66 205 0.95

2) Charred
(Laboratory) L3466 25 0.94
434~66 100 0.94
L34-66 300 0.96
434~66 500 0.96
L5466 750 0.96
L78-66 1000 0.92
L79-66 1120 0.94

3) Charred

(Engine Liner)

None was available for emittance testing. The liner eroded
excessively during the engine firing.
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EXAMPLE OF GRAPH OF SPECTRAL DIRECTIONAL REFLECTANCE BEFORE

AND AFTER OXIDATION OF TEST SPECIMEN

Figure 9.
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Figure 10

DTRECTIONAL SPECTRAL REFLECTANCE VERSUS

TEMPERATURE OF IRISH REFRASIL (WBC 2234) VIRGIN ABLATIVE MATERIAL
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Figure 11

DIRECTTIONAL SPECTRAL REFLECTANCE VERSUS
TEMPERATURE OF IRISH REFRASIL (WBC 2234) LABORATORY-CHARRED ABLATIVE MATERIAL
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DIRECTIONAL SPECTRAL REFLECTANCE VERSUS

TEMPERATURE OF IRISH REFRASIL (WBC 2234) LABORATORY-CHARRED ABLATIVE MATERIAL

Figure 11 (Continued)
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DIRECTIONAL SPECTRAL REFLECTANCE VERSUS
TEMPERATURE OF IRISH REFRASIL (WBC 223L4) ENGINE-CHARRED ABLATIVE MATERIAL

Figure 12
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DIRECTIONAL SPECTRAL REFLECTANCE VERSUS

TEMPERATURE OF IRISH REFRASIL (WBC 2234) ENGINE-CHARRED ABLATIVE MATERIAL

Figure 12 (Continued)
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DIRECTIONAL SPECTRAL REFLECTANCE VERSUS
TEMPERATURE OF IRISH REFRASIL (WBC 2234) ENGINE-CHARRED ABLATIVE MATERIAL

Figure 12 (Continued)
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Directional Spectral Reflectance Versus Temperature
Of Fiberite MX 2600 Virgin Ablative Material

Figure 13,
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Of Fiberite MX 2600 Engine-Charred Ablative Material

Directional Spectral Reflectance Versus Temperature
(continued)

Figure 15,
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DIRECTIONAL SPECTRAL REFLECTANCE VERSUS

TEMPERATURE OF FIBERITE MX 2646 LABORATORY-CHARRED ABLATIVE MATERIAL

Figure 17 (Continued)
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Figure 18

DIRECTIONAL SPECTRAL REFLECTANCE VERSUS

TEMPERATURE OF FIBERITE MX 2646 ENGINE CHARRED ABLATIVE MATERTIAL
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Figure 18 (Continued)
DIRECTIONAL SPECTRAL REFILECTANCE VERSUS
TEMPERATURE OF FIBERITE MX 2646 ENGINE CHARRED ABLATIVE MATERIAL
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Figure 19
DIRECTIONAL SPECTRAL REFLECTANCE VERSUS
TEMPERATURE OF REFRASIL CLOTH/PHENULIC RESIN (U.S. POLYMERIC XR 2015)
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DIRECTIONAL SPECTRAL REFLECTANCE VERSUS TEMPERATURE OF REFRASIL CLOTH/

PHENOLIC RESIN (U.S.-POLYMERIC XR 2015) LABORATORY-CHARRED ABLATIVE MATERIAL

Figure 20
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Figure 20 (Continued)
DIRECTIONAL SPECTRAL REFLECTANCE VERSUS
TEMPERATURE OF REFRASIL CI.OTH/PHENOLIC RESIN (U.S.POLYMERIC XR 2015)
LABORATURY~CHARRED ABLATIVE MATERIAL
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DIRECTIONAL SPECTRAL REFLECTANCE VERSUS TEMPERATURE OF
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Figure 21
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Figure 21 (Continued)
DIRECTIONAL SPECTRAL REFLECTANCE VERSUS TEMPERATURE OF
REFRASIL CLOTH/PHENOLIC RESIN (U.S. POLYMERIC XR 2015)
ENGINE-CHARRED ABLATIVE MATERIAL
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Figure 21 (Continued)
DIRECTIONAL SPECTRAL REFLECTANCE VERSUS TEMPERATURE OF

REFRASIL CLOTH/PHENOLIC RESIN (U.S. POLYMERIC XR 2015)

ENGINE~-CHARRED ABLATIVE MATERIAL.
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Figure 22
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Figure 23

DIRECTIONAL SPECTRAL REFLECTANCE VERSUS
TEMPERATURE UF MAGNESIUM HYDROXIDE (WBC 5217)
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Figure 23 (Continued)
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